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|. Colorado Regional Context
Il. Colorado’s UIC Program

Ill. The 2014 Greely Seismic
Events and SWD-C4A Well

» Low damage risk, yet significant public perception

» Manageable risk . . .
with regulatory focus on location, volume, rate, pressure, and
monitoring.
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USGS Seismic Events > 2.5M
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Historical Examples of Induced Seismicity in Colorado
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Colorado’s Underground Injection
Program

As of April 1°T 2014, there were 920 UIC wells

350 DISPOSAL WELLS (34 are Tribal)

570 ENHANCED RECOVERY WELLS



UIC Regulations

= RULE 325 ADDRESSES UNDERGROUND DISPOSAL OF WATER >

RULES REQUIRE WRITTEN NOTICE TO SURFACE OWNER AND MINERAL
OWNER WITHIN ¥ Ml

PUBLICATION OF DISPOSAL WELL NOTICE IN LOCAL NEWSPAPER FOR 30
DAY COMMENT PERIOD

VARIOUS WELL BORE CONSTRUCTION INFORMATION

TESTING FOR WATER QUALITY OF DISPOSAL FORMATION. IF TDS IS <
10,000 PPM TDS AN AQUIFER EXEMPTION IS REQUIRED

FOR ENHANCED RECOVERY OPERATIONS THESE STEPS ARE DONE OVER THE
ENTIRE UNIT AREA

WELL CONSTRUCTION REVIEW FOR FLUID ISOLATION AND WELLBORE
INTEGRITY



UIC Data Review

1. REVIEW THE DRILLING RECORDS FOR:
a) DAILY DRILLING LOGS
b) DRILLING BREAKS
c) LOST CIRCULATION ZONES
d) RATE OF PENETRATION CURVES (ROP)

2. REQUEST A TRANSIENT TEST TO DETERMINE INJECTION RATES AND
PERMEABILITY

3. STATIC WATER LEVEL MEASUREMENT



1) Standard Condition of Approval:
< Maximum Allowable Injection Rate & Pressure
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2) Standard Condition of Approval:
< Maximum Allowable Injection Volume

MIV = ¢ h t (1/4 mile)?

5 ' ‘ ¢ _ Porosity

N = Reservoir height h = Reservor height

: (|)=POrOS|ty
— 1/4 mil.e *‘— .1/4 mile —

TC =PI




Additional Safeguards

= Review of seismicity and PGA
= Review of geology, subsurface data
= DWR review for of injection zone

s Special data, test or logs periodically
required:

o

Bradenhead test

Temperature, radioactive or noise logs
Cased hole integrity logs

Transit Analysis.

o O O



2014 Greely Seismic Events and
SWD-C4A Well
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USGS Community Internet Intensity Map
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May 31 2014 09:35:21 PM local 40.4674M 104.6073W M3.2 Depth: 1 km [D:usc000r8pp
i | i :

41.5°N - - 41.5°N
- Laralmia
Cheyanna
A1°N 41°N
" '\"‘:
[ 1 fering
40.5°N - B L 406N
S
1 % Fort Morgan
- R (]
40°N ~ Boulder. | Fhotbule - 40°N
.‘ Thol:rrk:-n
'R % . _ .Tllar'lluar.
e ) Aucora
Evargreen =
39.5°N - Highlands Ranch - 30.5°N
. e
11221 responses in 32 ZIP codes (Max CDI = V)| 30 km
L 1 T e T :
106°W 105°W 104'W
e [ 1 e[ v [ v [ o [ T v
sHaKING |MNotfelt] Weak | Light |Moderate| Strong [Wery strong| Severs Violent Exirame
DAMAGE | none | nome | none | Wery light | Light Moderate |Moderate'Heavy| Heawy | V. Heawy

Processed: Sat Aug 16 110747 2014

USGS Community Internet Intensity Map
COLORADO

May 31 2014 09:35:21 PM local 40.4874N 104.6079W M3.2 Depth: 1 km |D:usc000r8pp
| :

\ | ' i
41.5°N - - 41.5°N
Lara:mia
Cheyanne
41°N 41°N
3
oe N X .Sierl'ing
40.5°N B Ferl Callins * - 40.5°N
AR \ Johnstown - -
e Fort Morgan
%‘ Longmont -
Y
40°N Boulder L.m:l"lbu'ﬂ - 40°N
" Thol:nﬁ:un
Nl : Darver .
Y Aurora
Ewvargreen =
39.5°N - Highlands. Ranch - 30.5°N
| =
i |280 responses in 81 blocks (Max CD1 = V) 30 km
L 1 T T AETE Ponk :
106°W 105'W 104'W
e ] | {wm [ w [ v [ v [ v [ v
sHAKING |Mot felt| Weak | Light |Moderate| Strong |Very strong Savera Violent | Exirema
DAMAGE none | none | none | Wery light | Light Moderate | Moderate'Heawy | Heawy W. Heawy

Processed: Sat Aug 16 11:07:51 2014

USGS: Did you feel 1t?

Anne Sheehan et al.
University of Colorado

[\ COLORADO




I5C0.US. 00 BHZ.2014.152 J_\fer‘t'ica] scale: 1.589E-6 (M) [1,000 courrs]

SV H

01

o2:

03:

04:

05:

Oh:

07

08

[=H

10:

11:

12:

13:

14:

15:

16:

17:

158:

19:

20:

21:

22:

23:

24:

0of,

i e o Greeley May 315t quake as

. . Aaar wad]
00— o T x . =
: = =g etected on closest
00 : =
A " - Ty Ty g Iy
T - p—— - LL s T - -
= ‘ W=——--__— seismograph station
Y L ‘r = -
% > , | —— A e ]
00 2 f - A -
‘ = — = (USGS ISCO) ~70 miles
00| — ‘ 7 : - A 4 e
= - = ' away at Idaho Springs
A, n M - A‘ A -
P LA - i
00 T : ‘ . 5
= % e .
A l_.'i A - A A A =+
00 . ‘ : > . ‘ =
4 ™
" - b o T —
i A i )
00) . : - A p—— A AT W aewv I
WWWWWWWWMMP
wv—'"‘—-lr""::u““—v—i—'“"u:—"‘%n—wv’\-u‘-"‘ = fras Rt s ke W‘ gttty e o 4 ‘4_2
QOp~* y < . i . 5 = : P
e - ' - - aH
A b Iy —
Qo) — — Aar. v ™ pof A g
- ‘4. . y - : ety . - g
00 S P ; "
A A A, o
PP o i e s =
i aeens " ; ; . E
o . : . ; i £
i - - - E
00 ——— e = A S=l
N
i r sk - - =
00 e Y e e pan Ao -
. . : P Y PPy . ] i
* ; T : =
R roma . " o : = s
T 3 £
oo e 2 < s - . — g
A A ~ * o VARSI S P ST I
it e o) ; e e AT o]
D0t & ~ " N "‘: M EA-‘-».-J‘
* b A ~ - e TH
: n : P -
- A, A A el Lo
00 L4, A + " rare A {Q
i - > o . i Forn TR
e s e s L0 2 . =
o o - A et
W ¥ " A - n . L i A h h I
0052 T , - i - B[] nne Sheehan et al.
. - A : 3 T T | H :
oo e FRi University of Colorado
FTTTT FTTTI FTTTId FTTTId FTTTId FTTTId FTTTId FTTTId FTTTId FTTTId
0 0 02 03 04 05 08 07 08 09 10

[\ cOLORADO




Best Fitting Double Couple
Mo = 7.l6e+20 dyne-cm

Mw = 3.17
Z =5 km
Plane Strike Dip Rake
NP1 355 50 =75
NP2 152 42 =107
Prinecipal Axzes:
Axis Value Plunge Azimuth
T 7.l6e+20 4 74
H 0.00e+00 11 165
P =7.l6e+20 78 326
Moment Tensor: (dyne-cm)
Component Value
Mxx 2.98e+19
Mxy 1.99e+20
Mxz -1.08e+20
Myy 6.51le+20
Myz 1.30e+20
Mzz -6.81e+20
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Focal mechanism from

USGS and St. Louis
University

Normal faulting
E-W extension
NNW-SSE strike

Anne Sheehan et al.
University of Colorado




Baseline Seismicity

e M 4.2 event In 1969 located 12 miles SW of
Injection site recorded in USGS database.

« Matched filter study to retrospectively search
for waveforms matching M 3.2 event at ISCO
station from January 2013 - May 2014

- First event a M 0.74 in November, 2013

- Eleven more events between January and end of May,
2014 (ranging from M 0.56 to M 2.3)



University of Colorado installs
portable broadband |
seismometers in early June v
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Class Il Injection wells (blue circles) in NE Colorado
Red star is earthquake epicenter
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Monthly Underground Injection in Weld County
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NGL’s SWD-C4A Well

 Commercial disposal well drilled in Weld County located in the
Denver Basin (handle flowback associated with Niobara shale play)

e Total depth: 10,818’
e Injection volume (Aug 2013 - May 2014): ~260-360k Bbls per month
e Permitted max pressure: 1,512 psi

e Perforated formations: Permian Lyons through Pennsylvanian
Fountain Formation

e Fountain Formation sits on top of basement, zones of injection
were Initially <500° from basement

« Area is known to have a complex network of antithetic-synthetic
faults originating in basement



C4A Well - Time Table

1. Drilled & completed: 12/15/2012
2. UIC Permit approved: 03/22/2013
3. Injection began: 04/2013
4.  Seismic Events:
a. First USGS reported, M3.2: 05/31/2014
b. Second USGS reported, M2.6: 06/23/2014
5. C4A Shut-in for 20-DAYS: 06/23/2014
6. Reinjection begins @ 5,000 bpd: 07/19/2014
7. Injection increased to ~7,5000 bpd: 08/07/2014

8. Injection increased to ~9,500 bpd: 10/03/2014



WELLBORE DIAGRAM | ACTUAL W/ ECP SETTING DEPTH WELLBORE DIAGRAM | ACTUAL W/ ECP SETTING DEPTHS

High Sierra Water Services High Sierra Water Services
SWD #C4A SWD #C4A
SWSE, Sec. 26, T6N, R65W Directions: WCR 47 at WCR 64, 0.4 mi West, N into SWSE, Sec. 26, T6N, R65W Directions: WCR 47 at WCR 64, 0.4 mi West, N into
Weld County , CO Weld County , CO
SHL: 1040' FSL, 1924' FEL SHL: 1040' FSL, 1924' FEL
BHL: 1089' FNL, 1471' FEL BHL: 1089' FNL, 1471' FEL
API #: 05-123-35841 API #: 05-123-35841
ACTUAL G.L.= 4682 ACTUAL G.L= 4682
TOPS K.B.= 4705 TOPS K.B.= 4705
(MD) 23 (MD) 23
9-5/8", 36# K-55 LT&C CSG Set @ 506' (12-1/4" O.H.) 9-5/8", 36# K-55 LT&C CSG Set @ 506" (12-1/4" O.H.)
Cmt'd w/ 190 sx to Surface Cmt'd w/ 190 sx to Surface
Parkman-3718" Parkman-3718"
Sussex- 4456’ Sussex- 4456’
Niobrara - 6904’ Niobrara - 6904’
Codell - 7234’ Codell - 7234’
| IPZ| stage Tool @ 7461 (229’ below the Codell) | [P stage Tool @ 7461’ (229 below the Codell)
296 Jts 4 1/2" 11.6#, N-80, LTC, Internally Coated Thg & 4 Pup Jts 296 Jts 4 1/2" 11.6#, N-80, LTC, Internally Coated Thg & 4 Pup Jts,(2-8"' & 2 -
10") With 10.35' Mule Shoe Seal Assembly. 10" With 10.35' Mule Shoe Seal Assembly.
Perma Pak Packer Set @ 8890’ Perma Pak Packer Set @ 8890’
TOL @ 8912 TOL @ 8912
7" 26# P-110 LT&C CSG Set @ 9,056' (8-3/4" O.H.) 7" 26# P-110 LT&C CSG Set @ 9,056' (8-3/4" O.H.)
Upper Lyons - 9050' Cmt'd to Surface (Stg 1: 210 sx shoe, Stg 2: 620 sx D.V. @ 7461") Upper Lyons - 9050' Cmt'd to Surface (Stg 1: 210 sx shoe, Stg 2: 620 sx D.V. @ 7461")
B B ECP @ 9096 B B ECP @ 9096'
Lower Lyons Lower Lyons
Upper L. Satanka- 9150° Slotted pipe Upper L. Satanka- 9150’ Slotted pipe
E= == ECP @ 9312 = == ECP @ 9312
Lower L Satanka Lower L Satanka
Wolfcamp- 9410" Slotted pipe Wolfeamp- 9410" Slotted pipe
Amazon - 9535’ Amazon - 9535’
E= B ECP @ 9538 =] B ECP @ 9538'
Plugged back TD to 10,360
Upper Council Grove Upper Council Grove o
- 9594’ Slotted pipe Pre pl ug back bottom of ° 9594’ setedpipe  TEET @ADOVE A hlgh |y fractured
- - ECP @ 9631' H - - ECP @ 9631'
Lower C Grove hOIe acceptlng abOUt Lower C Grove Zone.
Admire - 9680" 0, 0, Admire - 9680"
Upper Virgil Slotted pipe 30 A) to 50 A) Of the Upper Virgil Slotted pipe
| = ECP @ 9840 Injection fluid in a | B ece@esso  POST plUg back bottom of
Virgil - 9853" H Virgil - 9853" -
sereappe NGy fractured zone sensape DOl accepting about 10% of
Missouri -9952" Missouri -9952" - - - -
ECP @ 10062' Ece @ 10052 thE |njeCt|0n fluid.
Slotted pipe Slotted pipe
Fountain - 10,000" 4-1/2" 11.6# N-80 LT&C Slotted LNR (TOL @ 8.912', EOL @ 10,7; Fountain - 10,000° 4-1/2" 11.6# N-80 LT&C Slotted LNR (TOL @ 8,212, EOL @ 10,739)  (6-
1/8" OH) 1/8" OH)
e — Perfd w/ 36 Rows, 2" SS, 0.040", 6" C et o Perfd w/ 36 Rows, 2" SS, 0.040", 6" C
TD= 10,818’ Top of Float Collar @ 10,736' TD= 10,818’ Top of Float Collar @ 10,736'
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Updated: 2014-10-06 09:19:01.336628 =~~~
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Anne Sheehan and William Yeck
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Planning - Risk Management Plan: Traffic Lights

Green Continue operations — no seismicity felt at surface (MMI [-11)*

—Less than M2.5 within 2.5 Miles

Modify operations — seismicity felt at surface (MMI |1-111+)*

H
_‘

- saier thail £ (=] e

Suspend operations — seismicity felt at surface with distress
and/or damage (MMI V+)* — Greater than M4.5 within 2.5 Miles

Perceived . Very .
Shaking Not Felt Weak Light Moderate  Strong Strong Severe Violent Extreme
Potential . Moderate Very
Damage none none none | Very Light Light Moderate Heavy Heavy Heavy
—— 0.1710
Acceleration <0.17 ‘1 4 141039 | 391092 92t018 18to34 34t065 65t0124 >124
(%g) '
Peak
Velocity <0.1 01t01.1 11to34 | 341081 81116 13t031 31060 60t 116 >116

Magnitude 1-28 3-39 4-44 | 45-49 5-54 55-59 6-64 65-69 7.0+

Modified
Mercalli | IItoll v v Vi Vil Vil IX X+

Exhibit1 * Established based upon local conditions, demographics and codes AXPC / Industry induced
seismicity SME presentation

(cm/s)
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3-mile radius around C4A injection well
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C4A Authorized To Re-inject

1. AXPC Traffic Light criteria will apply.

2. Injection resumes at 5,000 barrels of water per day
(BWPD) with a maximum injection pressure of 1,512 psi.
for 20 days.

3. If no M 2.5 seismic events may increase to 7,500 BWPD at
1,512 psi. for 20 days.

4. If no M 2.5 seismic events for 20 days NGL may request an
Increased injection rate.

5. NGL will install a permanent seismometer station near the
Well.



Take-Away Thoughts

1. Although there is strong temporal and spatial
data to suggest seismic events were induced by
the SWD-C4A well, the link is not definitive.

2. In Colorado, these low magnitude earthquakes
have a high public perception, due to the
location and possible linkage to wastewater
disposal.

3. The COGCC, by regulating location, volume,
pressure, rate, and monitoring seismic activity,
views the risk of induced seismicity as
manageable.
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